This study investigated changes in the chemical properties of carbonated waste cement, including the phase transformation, gel polymerization, and specific surface area, as well as cation exchange capacity (CEC) and the adsorption ability of heavy metal ions (Cr 6þ and Cu 2þ ). Highly crystalline calcite and highly polymerized silica gel with a three-dimensional network were found to form in carbonated waste cement. The specific surface area and the CEC of waste cement increased with an increase in the carbonation percentage. In addition was a linear relationship between the specific surface area and the carbonation percentage of the waste cement. When the carbonation percentage of waste cement was 35%, the CEC of the carbonated waste cement reached approximately 22 meq/100 g (The unit of [meq/100 g] is milliequivalent per 100 gram. The unit indicates the concentrations of electrolytes.). The increase of the CEC confirmed that carbonated waste cement could adsorb heavy metals.
Introduction
In recent years there has been increasing interest in the sequestration of industrial carbon dioxide by mineral carbonation to reduce the emission of green house gas, and thereby CO 2 sequestration processes have been focused in the industries, which have emitted a large amount of CO 2 , such like steel making industry and cement industry. [1] [2] [3] Mineral carbonation is one of CO 2 sequestration processes that is carried out via an artificial weathering reaction. It is reported that suitable feedstocks for mineral carbonation include Ca and Mg silicate ores such as wollastonite and olivine and industrial residues such as steel slag, waste cement, waste lime, and coal ash. 4, 5) In particular, many studies to use waste cement as a sequestration material of CO 2 have been carried out due to its high Ca content. 6) In general, waste cement has high alkalinity and high component levels of Ca, allowing it to sequester carbon in the form of stable carbonate minerals. Waste cement is a byproduct generated from the recycling processes to recover coarse aggregates from waste concrete through pulverization and classification. The weight fraction of waste cement is about 17% of waste concrete. The generation amount of waste cement in the Republic of Korea reached 7 million tons in 2008.
The components of waste cement include a number of unhydrated cementitious phases such as alite, belite, tricalcium aluminate phase, and ferrite phase and various hydrates such as calcium hydroxide, calcium silicate hydrates, ettringite and others. It is reported that these components are decalcified and transformed into calcium carbonate and polymerized gels through the carbonation reaction with CO 2 . 7, 8) Carbonated waste cement has not thus far been sufficiently reused as a building material. Most of it has been disposed of in landfills, because the carbonation process of waste cement induces changes into its chemical properties. However, most studies of CO 2 carbonation for waste cement have discussed the sequestration behavior of CO 2 and the phase changes during the CO 2 carbonation reaction. Therefore, this study will propose a new application of carbonated waste cement through an investigation of the changes in the chemical properties of waste cement, including the phase transformations, gel polymerization, and specific surface area, as well as cation exchange capacity (CEC) and its adsorption ability for heavy metal ions (Cr 6þ and Cu 2þ ). Furthermore, this paper will be expected to be contributed to the recycling system and the reutilization process of solid waste containing calcium and silicate components such like steel slag as well as waste cement.
Experimental Methods

Raw materials
Ordinary Portland cement (OPC) as employed in this study was Korea cement type I, which is composed of 95% of type I clinker and 5% of gypsum made by Sangyoung Corp. (Seoul, Republic of Korea). The chemical composition of this OPC is given in Table 1 .
In this study, hardened OPC was prepared by curing OPC paste, which is designed at a water/cement weight ratio of 0.5. The OPC paste was cured in a thermo-humidistat with the temperature and relative humidity controlled into at 298 AE 0:5 K and 65%, respectively, for 3 months. After curing, the specimen, which was hardened by 3 months, was subjected to CO 2 carbonation experiments to predict the changes in the phase transformation and gel polymerization of harden cement via a CO 2 carbonation reaction, as the components of hardened OPC are fairly similar to that of the waste cement obtained from waste concrete.
The raw waste cement sample used in this study was supplied from a recycling process to recover coarse aggregate from waste concrete by Inkwang Corp. (Seoul, Republic of Korea). To remove the fine aggregate from waste cement, the waste cement was sieved by 200-mesh sieve before the carbonation experiment. The waste cement passing through the 200-mesh sieve was use as carbonated material in the carbonation experiment of this study. Figure 1 illustrates the X-ray diffraction patterns of the raw waste cement and the waste cement sieved under the 200-mesh sieve. The main crystalline phases present in the raw waste cement include quartz (SiO 2 ), anorthite (CaAl 2 Si 2 O 8 ), calcite (CaCO 3 ), and calcium silicate hydrates such as tobermorite (5CaOÁ6SiO 2 Á 5H 2 O). It was believed that tobermorite hydrate was derived from the hydration of calcium silicate components of OPC such as alite (3CaOÁSiO 2 ) and belite (2CaOÁSiO 2 ), and quartz (SiO 2 ) and anorthite (CaAl 2 Si 2 O 8 ) were derived from fine aggregate, which was not removed from the waste cement. Possibly, the calcite was formed via the natural carbonation of the waste cement. However, the amounts of quartz and anorthite in the waste cement were decreased as a result of the sieving process with the 200-mesh sieve; thus, a considerable amount of fine aggregate was removed from the waste cement through the sieving process. Table 2 shows the chemical composition of the raw waste cement and the waste cement classified after the sieving process with the 200-mesh sieve. The contents of SiO 2 and Al 2 O 3 were decreased in the waste cement after the sieving process. As mentioned above, this occurred due to the separation of the fine aggregates, in this case quartz (SiO 2 ) and anorthite (CaAl 2 Si 2 O 8 ), from the waste cement. The waste cement classified after the used of the 200-mesh sieve was used as a reference in the subsequent carbonation process.
Methods
The CO 2 carbonation experiment with the hardened OPC was conducted in a 2 L closed Ti-lined pressure reactor. The carbonation reactor was charged with approximately 1 L of the specimen, which was prepared by mixing the hardened OPC with distilled water at 0.2 of water/solid weight ratio. The specimen was carbonated with 0.15 MPa at a CO 2 concentration of 100% and at a temperature of 298 AE 0:5 K, being exposed for 72 h. To maintain a constant pressure of 0.15 MPa with the CO 2 , the exit vale of the carbonation reactor was closed and the entry valve remained open. The crystalline phases produced in the carbonated samples were analyzed by X-ray powder diffraction (XRD, Model D/Max 2200 V/PC, Rigaku, Target: Cu K).
29 Si M.A.S-N.M.R measurements were carried out to identify polymerized gels, such as the silicon tetrahedra present in the carbonated samples. All samples were run on a Varian UnityPlus-300 spectrometer operating at a 29 Si frequency of 59.5 MHz with a spinning speed of 3 kHz in a double bearing 7 mm ZrO 2 rotor. The 29 Si spectra were excited with a 45 pulse with a pulse delay of 5 s, and they were acquired directly. The 1H-29 Si cross-polarization (CP) spectra were acquired at a Hartman-Hahn field strength of 40 kHz with a contact time of 3 ms.
The waste cement, which was passed through the 200-mesh sieve, was carbonated in the same reactor under the same condition used with the carbonation experiment of the hardened OPC. The carbonation times of the waste cement were adjusted to 1, 3, 6, 12, 24, and 72 h. The crystalline phases produced through the carbonation reaction of the waste cement samples were analyzed by X-ray powder diffraction and scanning electron microscopy (SEM, JEOL Model JSM-6380LA). The carbonation degree of waste cement was calculated by eq. (1), where C, C 0 and C max are the amounts of carbon dioxide in the carbonated sample, that in the non-carbonated sample and the theoretical amount of carbon dioxide necessary for combination with the total calcium oxide in the sample to form calcium carbonate, respectively.
The carbonated specimen was heated to 1273 K in a TGA instrument (Shimaduz Model DTG-60H). The amount of carbon dioxide in the carbonated specimen was determined by the weight loss of the specimen between 823 K and 1223 K which occurred due to the thermal decomposition of The pH and specific surface area of the carbonated waste cement were measured as the carbonation reaction processed. The measurements of the specific surface area of all carbonated waste cement samples were performed with N 2 -BET specific surface area measurement. 11) In addition, the change in the cation exchange capacity (CEC) of the carbonated waste cement was measured by means of the ammonium acetate method. 12) Research on the adsorption ability of the carbonated waste cement was carried out by batch experimentation with heavy metal (Cr 6þ and Cu 3þ ) solutions. The carbonated waste cement of which the carbonation percentage reached the highest level in this study was used in the batch experiment. The carbonated waste cement was percolated in a solution artificially polluted with Cr 6þ and Cu 2þ , respectively. The slurry, consisting of the carbonated waste cement and the polluted solution, was maintained at a solution-to-solid ratio of 10 : 1 (ml : g). The adsorption reaction was maintained until equilibrium of the adsorbed amount of heavy metals on the carbonated waste cement was reached. The adsorption amounts of the heavy metals on the carbonated waste cement were determined by deducting the quantity of heavy metal ions remaining in the solution after the adsorption reaction from the quantity of heavy metal ions initially added to the solution. The quantities of the heavy metal ions in the solution were measured by an ICP-MS. Figure 2 shows the change in the X-ray diffraction patterns for the crystalline phase of the hardened OPC, which was hydrated for 3 months, as the carbonation reaction time increased. The main crystalline phases present in the hardened OPC in this study were calcium hydroxide (Ca(OH) 2 
Results and Discussion
Belite phase (2CaOÁSiO 2 , C 2 S)
Tricalcium aluminate phase (3CaOÁAl 2 
However, the amount of calcite increased with the consumption of hydrates such as calcium hydroxide, tobermorite, AFt, and AFm, as the carbonation time of the hardened OPC increased. The formation of the high crystalline phase of calcite was described as following equations. Calcium hydroxide (Ca(OH) 2 )
Tobermorite (Calcium silicate hydrates)
AFt (Ettringite)
AFm (Monosulfate) the unhydrated OPC and the OPC hardened for 3 months, which were not subjected to the carbonation process. The sample of the unhydrated OPC showed the resonance of Q 0 (À68 to À76 ppm) that denotes the monomeric orthosilicate anion SiO 4 4À derived from the calcium silicate components (C 3 S and C 2 S) in OPC.
13) The 29 Si M.S.S-N.M.R spectra of the OPC hardened for 3 months show the resonance of Q 1 (À76 to À82 ppm) that are based on the bibliography of polymerization of C-S-H hydrates.
13) The resonance of Q 3 (À88 to À92 ppm) 13) started to be detected in the sample of which the hardened OPC was carbonated for 6 h. The sample carbonated for 72 h showed the high resonances of Q 4 (À92 to À110 ppm) 13) as well as Q 3 . The formation of the resonances of Q 4 indicates that a part of the C-S-H gel decomposes into silica gel with a three-dimensional network. Figure 4 represents a schematic illustration of the Si chemical shift through the hydration and carbonation of the calcium silicate component, alite (3CaOÁSiO 2 ) in this case. The initial carbonation of alite (Q 0 ) is accompanied by its hydration, thus forming C-S-H gel (Q 1 and Q 2 ). The carbonation of C-S-H gel forms acid-stable silica gel (Q 3 and Q 4 ). According to recent studies, 14, 15) a higher degree of carbonation of the hardened OPC leads to produce a higher crystallinity of the calcite and greater polymerization of the silica gel. Figure 5 presents X-ray diffraction patterns of the waste cements carbonated at various carbonation times. The results of measurement demonstrated that an increase in the amount of calcite occurred as the carbonation time increased. The peaks corresponding to calcium silicate hydrates, in this case tobermorite (5CaOÁ6SiO 2 Á5H 2 O), do not appear in the carbonated waste cement. These results are in good agreement with those of the carbonation experiment with the hardened OPC. Figure 6 shows SEM images of (A) the waste cement, and (B) the sample carbonated for 72 h. A cubic crystal with high crystallinity corresponding to calcite was observed in the waste cement carbonated for 72 h. Figure 7 presents the carbonation percentage of waste cement at various carbonation times. The waste cement was naturally carbonated at about 22% on the basis of the total calcium oxide of the waste cement. The carbonation percentage of waste cement reached a level of approximately 50% after 24 h of carbonation time. However, an increase in the carbonation percentage of the waste cement mortar was not noted afterward. In general, a carbonation reaction is a diffusion-controlled reaction of CO 2 gas. The CO 2 gas diffuses into the solid, resulting in a growing front of carbonated materials with low porosity surrounding the outer portion of carbonated material. As the carbonation reaction progresses, it becomes possible for the porosities of the carbonated materials to be low enough to block CO 2 gas flowing into the inner zone of the non-carbonated material, thus greatly reducing or completely stopping the carbonation reaction. 16 ) Figure 8 represents the changes in the pH and specific surface area of carbonated waste cement at various carbonation times. The pH of the carbonated waste cement deceased, reaching a pH of 8 after 24 h of carbonation time. On the other hand, the specific surface area increased to 33 m 2 /g, which is three times larger than that of the waste cement, after 72 h of carbonation time. It is believed that the decrease in the pH of the waste cement through the carbonation process took place due to the dissolution of carbon dioxide in water to form carbonic acid; the increase in the specific surface area of the carbonated waste cement involved the formation of highly polymerized silica gel, resulting in a linear relationship being displayed between the specific area and the carbonation percentage of the carbonated waste cement, as shown in Fig. 9 . Figure 10 represents the change of the CEC with the carbonation time of waste cement. A CEC test of carbonated waste cement indicated that the CEC of the carbonated waste increased in terms of its carbonation. The CEC value of the waste cement carbonated for 6 h reached 22 meq/100 g. It is considered that the increase in the CEC of the carbonated waste cement was also relative to the formation of highly polymerized silica gel. According to Castellote et al., 17) the carbonation of C-S-H forms Ca-modified silica gel in which the Ca 3þ ion is replaced with a part of Si 4þ site during polymerization, resulting in occurring the structural imperfection of silica network. The structural imperfection of silica gel will most likely confers an electric negative charge on the carbonated cement, as shown in Fig. 11 , and contributes the increase of the CEC value of carbonated waste cement. Table 3 shows the changes in the concentrations of Cr 
Carbonation Time, t / h Carbonation percentage (%)
Specific surface area, m 2 /g Fig. 8 The changes in the pH and the specific surface area of carbonated waste cement at various carbonation times.
Carbonation Time, t / h Specific surface area, m 2 / g R 2 =0.9415 Fig. 9 The relationship between the specific surface area and the carbonation percentage of waste cement.
experiment to assess the adsorption ability for heavy metals by the carbonated waste cement. The carbonated waste cement with a specific surface area of 33 m 2 /g was used in this study. The adsorption amounts of Cr 6þ and Cu 2þ per unit gram of carbonated waste cement were determined as 33 mmol/g and 18 mmol/g, respectively. These results indicate that the waste cement gains high adsorption ability for heavy metals as a result of the carbonation process of CO 2 and that this ability may be dependent on the increase in the CEC of the carbonated waste cement. The adsorption behaviors of heavy metal ions on the carbonated waste cement will be discussed in the next research. From these results, it is expected that waste cement can be used as CO 2 sequestration materials and carbonated waste cement can also be used as an adsorbent of heavy metal ions, such as Cr and Cu.
Conclusions
This study focused on the changes of the chemical properties of waste cement, specifically the phase transformation, gel polymerization, specific surface area, cation exchange capacity (CEC) and the adsorption ability for heavy metal ions, through a carbonation reaction of CO 2 . A large amount of calcite and highly polymerized silica gel with a three-dimensional network formed in carbonated hardened cement along with the consumption of various hydrates. The specific surface area of carbonated waste cement increased linearly with an increase of the carbonation percentage of waste cement. The CEC of the waste cement also increased through the CO 2 carbonation process, reaching 22 meq/ 100 g. The increase in the CEC of carbonated waste cement was considered to be due to the formation of silica gel with a structural imperfection caused by Ca substitution in a threedimensional silica network. The increase of CEC contributed the adsorption ability for heavy metals to the carbonated waste cement. From this study, waste cement is expected to become a very useful material to sequester CO 2 and to be used as an adsorbent of heavy metal ions through its carbonation process.
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Carbonation Time, t / h Fig. 10 The change of the cation exchange capacity (CEC) with the carbonation time of waste cement. 
